The photophysical properties of five novel phthalocyanine analogues, dihydroxy phosphorus(v) triazatetrabenzocorrole (PTBC) substituted with -NO 2 , -SO 3 H, O i Pr, and -NH 2 , respectively, were studied by a combination of absorption, steady-state emission, time-resolved fluorescence, and laser flash photolysis. All substituents, even for the strong electrondonating -NH 2 , cause only a slight red shift of their absorption and emission maxima. These complexes are generally monomeric in organic solution, whereas the sulfonated derivative, PTBC(SO 3 H) 4 , slightly aggregates in aqueous buffer. Distinct from phthalocyanines, PTBCs substituted with -NO 2 or -NH 2 still show high photo activities. The electronwithdrawing -NO 2 and -SO 3 H decrease the fluorescence quantum yield but increase the triplet formation yield to 0.76 and 0.82, respectively. All PTBCs have long triplet lifetimes and hence generate singlet oxygen efficiently with a quantum yield from 0.43 to 0.75. Together with the ground-state absorption properties, the results suggest that these PTBCs may be used as excellent photosensitizers for photodynamic therapy.
Introduction
Triazatetrabenzocorrole (TBC) is a π-extended corrolazine derived from corrole ( Fig. 1) . Corroles, however, are π-contracted porphyrins in that they are missing one meso-nitrogen but still retain the aromatic, tetrapyrrolic structure. Corroles have only received much attention as of this century because of the recent discoveries of facile methodologies for their synthesis. [1] [2] [3] [4] [5] TBC is also a π-contracted phthalocyanine (PC), and was first obtained by PC reduction in 1981. [6] The structure of TBC and its complexes (TBCs), therefore, has similarities to corrole, porphyrin, and PC. The properties of TBCs are, therefore, expected to inherit the features of corroles, porphyrins, and PCs.
Corroles show a high ability to stabilize high-valent oxidation states, for example, Fe IV , Co V , and even Mn VII corroles are thermally stable, which is one of the most fascinating properties of these ligands. Similar to corroles, TBCs exhibit low oxidation potentials and high reduction potentials. The optical property of TBCs in the red region, however, shows inherited attributes of PCs, i.e., a strong Q band (around 650 nm), whereas in the UV region it is more like that of porphyrin, i.e., a Soret band (∼440 nm) that is even stronger than its Q band. These combined merits make TBCs attractive for several potential applications, for example, as excellent electron donors and sun light antennas in dye-sensitized solar cells, photo-medicine in photodynamic therapy (PDT) of tumours, and blue-laser applications, etc.
Phosphorous TBC (PTBC), as displayed in Fig. 2 , was first reported by Gouterman in 1981 [6] and is among the few TBC complexes (Si, Ge, Sn) synthesized so far. [7] The central P V is stabilized by its corrole structure. The accurate structure and basic properties were later elucidated by the groups of Liu, [8] [9] [10] Li, [11, 12] and Fox. [13] The sulfonated PTBC was shown to be photoactive for DNA cleavage. [14] In spite of these reports, the synthesis and properties of TBCs have remained largely unexplored, which is surprising given the importance of PCs and their analogues in the electronic, environmental, and health care fields.
Most potential applications of TBCs or PCs are based on their photophysical properties, and structural optimization is usually desirable for this purpose. We, therefore, prepared PTBCs bearing typical organic groups to relate their excited state properties and structures.
Results and Discussion

Ground State Absorption Spectra
The UV-vis absorption spectra of the PTBCs were measured in N,N-dimethylformamide (DMF). Typical spectra are displayed in Fig. 3 for comparison. Each spectrum contains a Q band with three noticeable peaks from 580 to 700 nm and a stronger Soret band at around 440 nm. The spectra of PTBC(O i Pr) 4 and PTBC(SO 3 H) 4 are almost indistinguishable from that of PTBC. Each substituent, whether it is an electron-donating or withdrawing group, causes a red shift in its absorption maximum compared with that of PTBC. Amino substitutions gave the largest bathochromic shift, which is 14 nm, and also cause the broadening of absorption bands and hence the disappearance of Q-band splitting, which is common to many chromophores bearing NH 2 . The shift is 2 nm for -O i Pr, 4 nm for -SO 3 H, and 6 nm for -NO 2 , which are all relatively small. The missing mesonitrogen causes the direct linkage of two crowded pyrroles. As a result, the steric strain in PTBCs is significantly higher than that in PCs. This type of steric strain generally causes a hypsochromic shift, [15] which, therefore, explains the blue-shifted absorption maximum of PTBCR 4 compared with that of the corresponding PCR 4 . In the particular case of TBCs, the steric strain also induces the deformation of the planar structure in PCs to the domed shape of TBCs, as shown by the crystal structure of SiTBC. [16] This is probably part of the reason that the substituents of PTBC exert less effects.
Four different structures have been proposed in the literature for PTBCs, [8, 10, 11, 13] as shown in Fig. 4 . The difference between them is the valency and binding status of phosphorous. The early proposals (structure II and III) were mainly based on the mass spectra. [8, 11] Matrix-assisted laser desorption-ionization timeof-flight (MALDI-TOF) mass spectrometry nowadays provides more accurate m/z and suggested recently that I and IV are the more possible choices. [10, 13] Our data is consistent with structure IV based on our mass and NMR spectra, and the effect of solvent polarity on UV-vis as described in the following.
The small red-shift caused by the substituents also provides other important structural information, i.e., the ionic structure should be excluded, otherwise the π cation of PTBC (electron poor) will strongly interact with NH 2 (electron rich) and show a very large substitution effect. [15] This conclusion is further supported by the solvent effect in the following.
Solvent Effect on Absorption Spectra
PTBC(O i Pr) 4 was selected to study the effect of solvent polarity on its absorption spectrum because of its good solubility in both polar and non-polar solvents. If the aromatic ring of the TBCs is indeed positively charged, an intra-molecular donoracceptor (D-A) system will be formed for PTBC(NH 2 ) 4 and PTBC(O i Pr) 4 in which -NH 2 or -O i Pr groups act as donors. It is well established that a D-A molecule shows a very large dependence of λ max on solvent polarity. [17] The λ max of PTBC(O i Pr) 4 in different solvents are plotted against E T (30), an empirical parameter of solvent polarity values, [17] and shown in Fig. 5 . Two trends can be found from Fig. 5 . (1) The solvent effect is quite small, from non-ploar benzene (666 nm) to highly polar acetonitrile (652 nm), the change of λ max is only 14 nm, which is of a level that is comparable only to a non-polar compound, such as C 60 . (2) An increase in polarity causes the blue shift of λ max , i.e., a negative solvatochromism. Therefore, the HOMO of TBC(O i Pr) 4 is stabilized by a non-polar solvent. Both of the facts suggest that highly dipolar or zwitterionic electronic ground state I and II should not be the real structure of TBC(O i Pr) 4 .
Absorption and Aggregation
Many organic dyes show a tendency of self-aggregation even at a concentration as low as 10 −6 mol dm −3 in aqueous solution. [18] Some PCs can form H-type dimers through the equilibrium: 2 × monomer dimer. [18] The presence of H-dimers, which are known to be non-photoactive, lowers the effective concentration of photoactive monomer and hence reduces the photosensitizing ability.The water-soluble sulfonated derivative of PTBC was, therefore, chosen to study the aggregation behaviour. The presence of H-dimer or higher aggregates often show blue-shifted new bands in the UV/vis absorption spectra. Fig. 6 compares the absorption spectra of PTBC(SO 3 H) 4 in DMF and aqueous Tris buffer (pH 7.4). The shape of the spectrum in aqueous solution was obviously changed, the peak position was blue-shifted to 640 nm and the shoulder at 625 nm was raised markedly, which indicates the appearance of a new band. The absorbance at 630 nm was plotted against its concentration (inset of Fig. 6 ). The deviation from Beer's law in aqueous buffer is obvious, which also suggests that aggregates were formed. Assuming that only dimer is present, the dimerization constant was evaluated to be 0.65 (± 0.24) × 10 5 mol −1 dm 3 by using our reported method. [18] This constant is one order smaller than that of sulfonated PCs, such as 0.56 × 10 6 mol −1 dm 3 for tetrasulfonated chloroaluminum phthalocyanine and 1.0 × 10 6 mol −1 dm 3 for tetrasulfonated zinc phthalocyanine.This significantly lower tendency of aggregation is probably a result of the larger difficulty of PTBC to approach each other, because the oxophosphorous is out of the dome-shaped π system. Fig. 7 presents a typical fluorescence spectra excited at 615 nm, together with the absorption spectra. The effect of substitution on the emission maximum is similar to the case of the absorption spectra. Complete data are collected in Table 1 . The most noticeable effect is the very small stokes shift ( ν) for all PTBCR 4 , which is 5.4 nm on average. This small ν indicates that the difference of dipole moments between the excited state and ground state is also small, owing to the rigid structure of the fluorophore. The rigidity is imposed by the loss of one nitrogen atom, which brings two isoindoles closer in PTBCs than that in PCs. The mirror-image symmetry between the fluorescence and absorption spectra does not seem to hold in PTBCR 4 as seen from Fig. 7 . All PTBCs fluoresce moderately in DMF, although the electron-withdrawing groups -NO 2 and -SO 3 H lower the fluorescence quantum yield ( F ) by 36% and 58%. -O i Pr and -NH 2 , however, show no marked effect on F . The presence of -NO 2 or -SO 3 H in an aromatic fluorophore usually enhances the intersystem crossing from S 1 (lowest singlet excited state) to its T 1 (lowest triplet state) and hence decreases F . [15] Typical fluorescence decay profiles in DMF are shown in Fig. 8 . Fitting the data biexponentially gave satisfactory results with χ 2 less than 1.10, and the percentage of major components varies from 94 to 96%. The S 1 lifetime (τ f ) of the major components falls in the range from the shortest of 2.21 ns for PTBC(SO 3 H) 4 to the longest of 4.29 ns for PTBC(O i Pr) 4 . The minor components (∼5%), however, all show a much longer τ f between 10 and 15 ns. The presence of minor components might reflect the contribution from: (1) four possible regioisomers and 
Steady State Fluorescence
Nanosecond Transient Absorption Spectra and Kinetics
The transient absorption spectra of PTBCR 4 were recorded in argon-saturated solutions in DMF (∼10 × 10 −6 M).The samples were excited using Nd:YAG laser pulses (7 ns, 3 mJ) at 355 nm, and spectra were recorded point by point over the wavelength range 350-800 nm in 10 nm steps. The time dependent transient absorption data are displayed in Fig. 9 along with a representative decay profile (Fig. 9, inset ). All PTBCR 4 showed similar absorption features, such as a negative absorption (bleaching) in the Q and Soret band regions, and a broad positive absorption feature centred near 490 nm. Taking PTBC(O i Pr) 4 as an example, isosbestic points were detected between the Q-band bleaching and the positive feature to the red side (near 410 nm and 580 nm). Under conditions of argon saturation, the negative and positive absorption decayed to the prepulse baseline in accord with an exponential rate law. The absorption at 380 and 480 nm and bleaching kinetics had identical lifetimes (τ T ) of 75 µs for PTBC(O i Pr) 4 .
In the presence of oxygen, the transient absorbance of 500 nm decayed exponentially to a zero baseline with a much faster rate, and the τ T of PTBC(O i Pr) 4 was reduced to 0.45 µs. The bimolecular rate constant for oxygen quenching could be evaluated to be 1.0 × 10 9 M −1 s −1 , which is similar to that for the exergonic energy transfer from most triplet states to oxygen with rate constants in the order of 10 9 M −1 s −1 .
The positive absorption near 490 nm and 380 nm can be assigned to the triplet-triplet (T 1 -T n ) absorption by analogy to that of PCs. The appearance of the isosbestic points between positive absorption and ground state bleaching indicated that the species near 490 nm are responsible for the ground state repopulation without any intermediate entities.
The values of the triplet absorption coefficient (ε T ) and triplet state quantum yields ( T ) are collected in Table 1 . ε T for all PTBCs are close, but the triplet state lifetime and the triplet quantum yield seem to increase with substitution. The presence of -NO 2 and -SO 3 H, in particular, enhance the intersystem crossing and increase T significantly. 4 was excited by a 100 ps diode laser, whereas PTBC and PTBC(SO 3 H) 4 were excited by a nanosecond hydrogen flash lamp.
Singlet Oxygen Generation
Singlet oxygen quantum yields ( ) were determined in DMF using diphenylbenzofuran (DPBF) as a chemical trapper and ZnPc as the reference as described in the experimental section. The irradiation wavelength was 670 nm. The disappearance of DBPF was monitored using a UV/Vis spectrometer at 415 nm. The reaction time was controlled to be no longer than the first 5 min so that no appreciable amount of a sensitizer was photobleached. The reactions are all first order in nature from the linear reaction kinetics. were then obtained from the slope of the linear equation, the values vary from 0.43 to 0.75, which indicates that they are all fairly good sensitizers for singlet oxygen generation. Each of them has a that is close to but slightly smaller than the corresponding T . This relationship is rationalized by Eqn 1. [18] =
in which k et is the rate constant for energy transfer from a triplet state to oxygen and η is the efficiency of the transfer that forms singlet oxygen. k et is in the order of 10 9 M −1 s −1 and
is mainly determined by T , τ T , and k et . Because the triplet lifetime is so long such that τ
= T η, and η is close to unity.
Conclusions
Five dihydroxy phosphorus(v) triazatetrabenzocorroles substituted with -NO 2 , -SO 3 H, -H, -O i Pr, and -NH 2 respectively, were prepared to study the photophysical properties of the novel macrocyclic compounds. These complexes are generally monomeric in organic solution, whereas the sulfonated derivative, PTBC(SO 3 H) 4 , only slightly aggregates in aqueous buffer. Both strong electron-donating and electron-releasing substituents show only a slight effect on their emission and absorption maxima owing to the non-planar structure of PTBCs. Distinct from phthalocyanines, PTBCs substituted with -NO 2 or -NH 2 still show high photoactivities. The fluorescence quantum yield is lowered appreciably together with a significant concurrent increase of triplet formation yield when electron-donating -NO 2 and -SO 3 H are introduced into PTBC's aromatic ring. All PTBCR 4 have a long triplet lifetime and good singlet oxygen quantum yield from 0.43 to 0.75. Together with the ground-state absorption properties, the result suggests that they may be used as an excellent photosensitizer for PDT.
Experimental
Materials
Zinc phthalocyanine (ZnPc) and metal-free phthalocyanine (H 2 Pc) were purchased from Tokyo Kaise. The synthesis of H 2 Pc(β-NO 2 ) 4 (metal free tetra(β-nitro)phthalocyanine), H 2 Pc (β-O i Pr) 4 (metal free tetra(β-isopropyloxy)phthalocyanine), H 2 Pc(β-SO 3 H) 4 , and H 2 Pc(β-NH 2 ) 4 were previously reported. [19] All other reagents for synthesis were of analytical grade and used as received, solvents were generally dried and freshly distilled before use.
Synthesis
1 H NMR spectra were obtained using a Bruker AMX 400 MHz NMR spectrometer. FT-IR spectra (KBr pellets) were recorded on a Perkin-Elmer spectrum 2000 FT-IR spectrometer. Mass spectrometry data was recorded on a BIFLEXIII MALDI-TOF Mass instrument. Ground-state electronic absorption spectra were recorded on either a HP8452A or a Hitachi 4500 UV/Vis spectrophotometer. PTBC PTBC was prepared from H 2 Pc according to the literature. [11] The procedure is also general for others as follows: 0.6 g of H 2 Pc (1.17 mmol) in 10 mL of pyridine was added into a 50 mL three-necked round-bottomed flask, which was equipped with a reflux condenser and a gas inlet tube. Pyridine (5 mL) that contained 3.2 mL of PBr 3 (35 mmol) was then added and the resulting mixture was heated at 90-100 • C under stirring for 2 h. After cooling, the mixture was poured into water and filtered, the solid was washed thoroughly with water. The crude product was dissolved in pyridine and purified by column chromatography on neutral alumina using pyridine/ethanol (1/1) as eluent. Yield: 51%. 4 This was prepared from H 2 Pc(O i Pr) 4 according to refs [8, 11] . Chloroform/pyridine was used as the eluent to purify the product. Yield: 47%. 4 This was prepared from H 2 Pc(NO 2 ) 4 according to the general procedure. [8, 11] Pyridine was used as the eluent to purify the product. Yield: 39%. 4 This was prepared from PTBC(NO 2 ) 4 by using Na 2 S as a reducing agent according to the reported procedure. [19] Water (20 Photophysical Measurements UV/Vis absorption measurements were made with either a HP 8451A or a Hitachi spectrophotometer in 10 mm quartz cuvettes. Fluorescence spectra up to 900 nm were monitored using a Perkin-Elmer LS 55. All spectra were corrected for the sensitivity of the photomultiplier tube. The fluorescence quantum yield ( f ) was calculated by f = F s A 0 0 f /(F 0 A s ) and measured relative to ZnPc in DMF ( 0 f = 0.30). [20] A wavelength of 610 nm that corresponded to S 1 excitation was employed. The sample and reference solutions were prepared with the same absorbance (A i ) at the excitation wavelength (near 0.09 per cm). All solutions were air saturated. Fluorescence lifetime (τ f ) was measured by a time-correlated single photon counting method (Edinburgh FL-900 spectrophotometer) with excitation at 650 nm either by a 50 ps CdS portable diode laser or a hydrogen nanosecond flash lamp, the emission was monitored at 700 nm. Measurements were carried out at room temperature of 22 • C.
PTBC(O i
Pr)
PTBC(NO 2 )
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Transient absorption spectra were recorded in de-aerated DMF (prepared by bubbling argon for 15 min) with an Edinburgh LP-920 laser flash photolysis system. A Nd:YAG laser (Continuum surelite II, 355 nm and 7 ns FWHM) was used as the excitation source. The analyzing light was from a xenon lamp. The laser and analyzing light beams perpendicularly passed through a quartz cell with an optical path length of 1 cm. The signal was displayed and recorded on a Tektronix TDS 3012B oscilloscope and an Edinburgh LP900 detector. The laser energy incident at the sample was attenuated to a few mJ per pulse. Time profiles at a series of wavelengths from which point-bypoint spectra were assembled and recorded with the aid of a PC controlled kinetic absorption spectrometer. The concentrations of the target compounds were typically 10 × 10 −6 M providing A 355 = 0.20 in a 10 mm cuvette.
The triplet-triplet absorption coefficients (ε T ) of the samples were obtained using the singlet depletion method, [21] and the following equation was used to calculate the ε T ε T = ε S OD T OD S ,
where OD S and OD T are the absorbance change of the triplet transient difference absorption spectrum at the minimum of the bleaching band and the maximum of the positive band, respectively, and ε S is the ground-state molar absorption coefficient at the UV-vis absorption band maximum. Both OD S and OD T were obtained from the triplet transient difference absorption spectra. The triplet quantum yield T was obtained by comparing the OD of the optically matched sample solution at 355 nm in a 1 cm cuvette to that of the reference, ZnPc ( T = 0.65 ± 0.02, ε 480 = 30 000 ± 1000 M −1 cm −1 ), [22] using the equation [23] 
where the superscripts represents the reference, OD is the absorbance of the triplet transient difference absorption spectrum at the selected wavelength, and ε T is the triplet excited-state molar absorption coefficient. Singlet oxygen quantum yield ( ) determinations were carried out using the chemical trapping method. [24] Typically, a 2 mL portion of the respective PTBC solutions that contained diphenylbenzofuran (DPBF) was irradiated at 670 nm in airsaturated dimethyl sufoxide (DMSO).
values were obtained by the relative method using ZnPc as the reference (Eqn 4):
where ref is the singlet oxygen quantum yield for the standard (0.65 for ZnPc in DMSO), [25] 
To avoid chain reactions induced by DPBF in the presence of singlet oxygen, the concentration of DPBF was lowered to ∼3 × 10 −5 mol dm −3 . A solution of sensitizer (absorbance ∼0.65 at the irradiation wavelength) that contained DPBF was prepared in the dark and irradiated in the Q-band region. DPBF degradation at 415 nm was monitored. The error in the determination of was ∼10% (determined from several values).
